The Helmholtz free energy, energy and entropy of mixing of eight different models of dimethyl sulfoxide (DMSO) with four widely used water models are calculated at 298 K in the entire composition range by means of thermodynamic integration along a suitably chosen thermodynamic path, and compared with experimental data. All the 32 model combination considered is able to reproduce the experimental values rather well, within RT (free energy and energy) and R (entropy) at any composition, and quite often the deviation from the experimental data is even smaller, being in the order of the uncertainty of the calculated free 3
Introduction
Mixtures of DMSO and water are widely used systems both as solvents in organic chemistry and chemical industry, and also in cryoprotection and in biology. [!1] Due to the full miscibility of these compounds a broad range of desired properties can be achieved by tuning the composition of their mixture. These mixtures as well as neat DMSO have been extensively studied in the past decades both by experimental [!2-20] and computater simulation methods. [!7,21-35] These studies focused, among others, on two important general issues of aqueous solutions. The first issue is related to the effect of the solute on the structure of water in terms of structure making or breaking, extent of the hydrogen bonding network, etc., whereas the second issue is related to the possible self-association of the solute (due to, e.g., hydrophobic interaction). To meaningfully address any of these issues one has to relate the macroscopic properties of the solution to the intermolecular interactions between the different molecule pairs (i.e., water-water, water-solute and solute-solute). In the particular case of the DMSO-water system several physico-chemical properties, such as refractive index, [!36,37] The balance of the intermolecular interactions as described by the potential model parameters is a key issue in the analysis of the two aforementioned issues in aqueous solutions when using molecular dynamic simulation. In this perspective, we would like to put forward that the predictions concerning both the possible existence and extent of the self-association of DMSO [!23,34] and also the effect of DMSO on the structure of water [!23,24] remained still controversial in previous simulations. In particular, in mixtures where the full miscibility is achieved at the macroscopic level, the like molecules might still be inhomogeneously distributed or self-associated at the microscopic level. [!48-55] Studying such self-association by classical molecular dynamics simulation is, however, not a straightforward task, since accurate parameterization of the interaction potential models in the neat systems of the two components does not necessarily guarantee the proper description of the local structure of the mixture. In our previous works we have shown that the free energy of mixing of the two components provides a rigorous test of the for force field accuracy even in the binary mixtures. [!53,55-57] The Helmholtz free energy of mixing is clearly a key thermodynamic quantity of binary systems, because on the canonical ensemble its sign determines whether the components mix or demix at a given molar ratio. In cases when the mixing of the two components in computer simulation is accompanied by a slight increase of the free energy, demixing might still not visibly occur on the simulation time and length scales. [!56,58] Detection of such demixing is also hindered by the use of periodic boundary conditions. [!56] Further, besides the qualitative description of the mixing of the components, good reproduction of the experimental free energy of mixing in computer simulation is a prerequisite of the accurate description of the microscopic structure (e.g., in terms of selfassociation or water structure) of the mixture. On the other hand, the calculation of the free energy of mixing is computationally rather costly, because the Helmholtz free energy is related to the full partition function, and hence to the entire phase space on the canonical ensemble, and thus it cannot simply be calculated by sampling its lowest energy domains. In fact, due to these difficulties, the full Helmholtz free energy of a given system is usually a computationally not accessible quantity. However, the Helmholtz free energy difference of two well defined states can still be calculated by computer simulation methods.
Fortunately, the full Helmholtz free energy of a homogeneous condensed phase relative to the ideal gas state can be relatively easily determined [!59-61] by the method of thermodynamic integration. [!62,63] Based on this possibility, recently we proposed the use of a thermodynamic cycle to calculate the free energy of mixing of two components. [!64] Thus, according to this cycle, instead of directly mixing the two components we first bring the two neat condensed systems to the ideal gas state, then mix them, and finally bring back the mixture from the ideal gas state to the state of interest. [!64] The free energy change accompanying the first and third steps of this path can be calculated by thermodynamic integration, while the second step is only accompanied by the free energy change of the ideal mixing. Further, since the internal energy change accompanying the mixing of the two neat components can easily be calculated, knowing the free energy of mixing allows one to determine also the entropy of mixing of the two components. We have applied this method for the calculation of the free energy, energy and entropy of mixing of a set of different binary systems. [!53,55-57,64] In this paper we present results of extensive calculations to determine the Helmholtz free energy, internal energy and entropy of mixing of eight different potential models of DMSO with four widely used water models in the entire composition range, and compare the obtained results with experimental data. The aim of the study is to determine which particular model combination(s) of water and DMSO describes the thermodynamics of their mixing the best. Once such a model combination is identified, it will be used in our future works to study the local structure of the DMSO-water mixtures both in terms of self-association and water structure.
The paper is organized as follows. In section 2 we review the used computational methods, such as the method of thermodynamic integration and its application to the calculation of free energy of mixing. The details of the performed calculations, including detailed description of the potential models of DMSO and water considered, and details of the computer simulations performed are given in section 3. Finally, the obtained results are discussed in detail in section 4. 
where the continuous thermodynamic path is defined through the coupling parameter λ in such a way that the λ = 0 and λ = 1 values correspond to states X and Y, respectively.
Considering the fundamental statistical mechanical relations between the Helmholtz free energy, A, the canonical partition function, Q, and the internal energy, U, i.e.,
and
the integrand of eq. 1 can be written as
where q N represents the full set of 3N coordinates of the N particles in the system, i.e., the position of the system in the configurational space, k B is the Boltzmann constant and T is the temperature. Substituting eq. 3 into eq. 4 and performing the derivation one obtains
In this equation the angled brackets < …. > λ stand for ensemble averaging at a given λ value.
The fictitious thermodynamic path connecting states X and Y is usually defined in such a way that the internal energy, U, changes along it as
where U X and U Y are the internal energy values corresponding to states X and Y, respectively.
Clearly, eq. 6 results in U(0) = U X and U(1) = U Y at the two endpoints of the fictitious path. It has been shown that in three dimensional systems of pairwise additive energy, where the leading term of the pair interaction energy (i.e., steric repulsion) decays with the twelfth power of the interparticle separation, the use of exponents smaller than 4 in eq. 6 leads to a singularity at the λ = 0 end of the integral of eq. 1. [!62] Therefore, the value of k in eq. 6 is conventionally chosen to be 4.
When calculating the excess Helmholtz free energy of a given condensed system with respect to the corresponding ideal gas, the energy of the reference system (i.e., ideal gas), U X , is zero by definition. Therefore, in this case, using k = 4, eq. 6 simplifies to
and hence
Substituting eq. 8 to eq. 5 and then to eq. 1 one obtains
To evaluate the integrand of eq. 9 one needs to calculate <U Y > λ , i.e., the energy of the system of interest by ensemble averaging at λ. However, using eq. 7 the Boltzmann factor used in this ensemble averaging can be rewritten as
where
In other words, instead of performing a computer simulation at the real temperature of the system, T, with the potential function U(λ), the ensemble averaging of eq. 9 can equally be performed by performing a simulation with the full potential function U Y at the fictitious temperature T * . Thus, the integral of eq. 9, and hence ∆A can simply be calculated by performing a set of simulations at various fictitious T * values (which represent now the fictitious thermodynamic path along which the system is brought to the ideal gas state), determine the quantity of 4λ 3 <U Y > in these simulations, and perform the integration of eq. 9
numerically. It should be noted that using T * instead of U(λ) to define the fictitious thermodynamic path, one defines the ideal gas state as the one corresponding to infinite temperature (and hence to infinite kinetic energy) rather than to zero potential energy.
However, the ratio of the potential and kinetic energy of the system is zero in both cases, as required in the ideal gas state.
Calculation of the Helmholtz Free Energy, Energy and Entropy of Mixing.
The Helmholtz free energy of mixing of two neat components, in our case, water and DMSO, can be calculated along the following thermodynamic path. [!64] First, the two neat components are brought to the ideal gas state; the corresponding free energy changes are calculated by the method of thermodynamic integration as described above. Then, the two neat components are mixed in the ideal gas state. The free energy change corresponding to this step is simply the free energy of ideal mixing, i.e., RT [x DMSO lnx DMSO + (1-x DMSO ) ln(1-
, where R is the gas constant and x DMSO is the DMSO mole fraction. Finally, the mixed ideal gas is brought back to the real thermodynamic state of the mixture, and the corresponding free energy change is again calculated by means of thermodynamic integration.
Thus, the free energy of mixing of the two components, ∆A mix , is obtained as
where A DMSO , A wat , and A sol are the free energy values of neat DMSO, neat water, and their mixtures, respectively, relative to the corresponding ideal gas state, as obtained from the thermodynamic integration calculations.
Considering that the potential energy of an ideal gas is zero, and hence the mixing of the two neat components in the ideal gas state is not accompanied by energy change, the energy of mixing of the two components can simply be calculated along this thermodynamic path as
Here U DMSO , U wat , and U sol stand for the potential energy of neat DMSO, neat water, and their mixture, respectively, each of which can simply be evaluated by a computer simulation of the corresponding system, performed at λ = 1 (i.e., at the real temperature of the system, see eq.
11). Finally, the entropy of mixing can simply be calculated as potentials was not only dictated by the fact that they are probably the most widely used water models in the literature, but also that the DMSO models considered were originally optimized using one of these water models.
All the potential models considered here are rigid and pairwise additive, hence, the total internal energy of the system can simply be evaluated as the sum of the interaction energies of all molecule pairs in the system. The interaction energy of molecules i and j, u ij , is calculated as the sum of the Lennard-Jones and charge-charge Coulomb interaction energies between all the pairs of their interaction sites: Tables 1 and 2 , respectively, whereas these parameters of the four water models considered are summarized in Table 3 . 
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Results and Discussion
The Helmholtz free energy, energy and entropy of mixing of all the model combinations considered are shown and compared with experimental data [! [41] [42] [43] in the entire composition range in Figures 2, 3 and 4 , respectively. The statistical uncertainty of these data is always below 0.1 kJ/mol or 0.1 J/mol K. As is seen, the RS model of DMSO always gives results that are almost identical results with those of the VB model. This finding is understandable considering that these two models of DMSO differ only slightly from each other in the geometry and Lennard-Jones parameters (see Tables 1 and 2 ). Because of this large similarity, we do not discuss the results obtained with the RS model further in this paper, as any conclusion drawn for the VB model holds also for RS.
As it is evident from Figure 2 
Tables
TIP4P
TIP3P
P1 P2 RS VLL LMPvG VB GROMOS OPLS expt. Clever [!42] expt. Lam [!43] x DMSO 
TIP4P TIP3P
P1 P2 RS VLL LMPvG VB GROMOS OPLS expt. Clever [!42] expt. Cowie [!41] x DMSO -TIP3P  P2-SPC  P2-SPC/E  P2-TIP3P  P2-TIP4P VB-SPC VB-TIP4P expt. Clever [!42] expt. Cowie GROMOS-TIP4P expt. Clever [!42] expt. Lam [!43] 
